ABSTRACT
INTRODUCTION

15
Transmission mains are important components of water distribution systems and a relevant concern is 16 the safety of operational procedures performed on those. Among the operational procedures one includes heads indicated that the model was able to capture the general trend of the filling. Yet, some discrepancies 126 between the pressure measurement and predictions were attributed to the inability of the numerical model 127 to incorporate limited ventilation conditions and consequently effects of air pressurization to the flow.
128
OBJECTIVES
129
The present work aims to obtain further insight on air-water interactions during water pipeline filling 130 operations, with the overarching objective of developing a numerical framework that may be used to simulate 131 a priori filling operations in pipelines and detect operational issues related to the entrapment of air pockets.
132
To achieve this objective, two numerical models were proposed that differ in the strategy in which air is 133 modeled. Both alternatives use the variation of the TPA model presented by Vasconcelos and Wright (2009) 
134
to describe the water phase. Air phase modeling is performed either by using a discretized framework that 135 applies the Euler equation or by using a type of UAPH model. Another objective was to assess the benefits 136 of using a discretized framework to simulate air phase.
137
Associated with the numerical development, an experimental program was conducted using a scale model This pocket shrinks due to compression by the water phase that gradually occupies the lowest points in 157 the pipeline profile. Air is displaced and escapes through ventilation orifices located at selected locations.
158
According to Tran (2011) for such flow conditions air compression process may be considered isothermal and 159 this assumption is used in both models approaches used to simulate air phase. Air phase is calculated as 160 if the only atmospheric connections occur at ventilation points, which are treated as orifices for simplicity.
161
Ideal ventilation with negligible air phase pressure head is assumed to exist prior to the formation of an 162 entrapped air pocket, as it will be discussed later. When a pocket forms, it is delimited by a ventilation 
Water phase modeling
168
The TPA model, used in the water phase simulation, modifies the Saint-Venant equations, enabling them 169 to simulate both pressurized flows and free-surface flow regimes. This model has been improved in the past 170 years and the alternative used here was presented in Vasconcelos and Wright (2009) . This alternative has a 171 term that accounts for air phase pressure head, so that the modified St. Venant equations are, in divergence 172 format:
where 
where
T is the vector of the conserved variables, A is the flow cross sectional area, Q is the 175 flow rate, F(U) is the vector with the flux of conserved variables, g is the acceleration of gravity, h c is 176 the distance between the free surface and the centroid of the flow cross section (limited to D/2), h s is the 177 surcharge head, h air is the extra head due to entrapped air pocket pressurization, θ is the angle formed by 178 free surface flow width and the pipe centerline, D is the pipeline diameter, A pipe is the cross sectional area
179
(0.25πD 2 ) and a is the celerity the acoustic waves in the pressurized flow.
180
The numerical solution used in the implementation of the water phase model used the Finite Volume
181
Method and the approximate Riemann solver of Roe, as presented in Macchione and Morelli (2003) . This formulations are omitted for brevity, but may be found in the aforementioned paper.
196
Two source terms were considered for the water phase modeling, one accounting for pipe walls friction used.
201
The upstream boundary condition for water phase refers to all which is inside the red dashed box in 
where H res is the reservoir water level, Q rec is the flow rate which is admitted into the reservoir from representing the linear momentum conservation, which in turn is derived from a lumped inertia approach:
where w depth is the local water depth, n is the time step index, K eq is the overall local loss coefficient in and zero velocity at the downstream end:
where K r is a constant factor that depends on the flow conditions in the previous time step (Sturm, 
247
The model alternative that uses UAPH model assumes: a) uniform pressure in the whole air phase; 2) 248 the validity of the ideal gas law; and 3) isothermal air flow. This model may be expressed either as:
where M air is the mass of air within the pocket with volume V p , and ρ is the specific mass of air. In 250 order to consider the air escape or admission an extra term was added to equation 9, yielding:
where M air out is the air mass that escapes through the ventilation orifice in that instant, calculated as 252 presented in equation 19 presented ahead.
253
The second alternative to model the air phase uses a discretized framework, applying an one-dimensional,
254
isothermal form of the Euler equation:
with the pressure p defined as
where U is the vector of conserved variables, F is the vector of the conserved variables fluxes, S is the 258 vector of source terms, α is the celerity of the acoustic waves in the air, and S d1,i , S d2,i and S f a are source 259 terms.
260
Applying the Lax-Friedrichs scheme -LxF -as presented in Toro (2001) to equation 12, one has the 261 following expressions to update the conserved variables:
The choice for the LxF scheme was based on its simplicity and the lack of shocks in the air phase flow.
263
In pipeline filling problems, the mechanism causing the motion of the air phase is the displacement of 
where which then needs to be adjusted with a correction factor φ so that a definitive solution is achieved. The 270 definitive solution and correction factor φ are represented by: 
283
The other source term added to the simulation of the air phase flows was the friction between the air 284 phase and the pipe walls, as described in Arai and Yamamoto (2003):
where P a is the perimeter of the air flow.
286
For the UAPH model, the boundary condition used at the uppermost point in the pipeline reach (where 
where C d is the discharge coefficient that is assumed as C d = 0.65, and A orif is the orifice area. Equation
291
19 was coupled with equation 10 to yield: 
where M air out is the air mass discharged through the ventilation orifice, calculated using equation 19. condition to ensure consistency of the data collected.
348
RESULTS AND DISCUSSION
349
The experimental results are compared with the proposed numerical model using both approaches to station was located at the pipe crown, so it measured air phase pressures for most of the filling processes.
357
As it would be anticipated, higher pressurization levels were observed for smaller ventilation orifices while smaller increase in pressure head at t * ≈ 0.2. This discrepancy, however, was not significant and has not 424 compromised the general accuracy of the numerical model.
425
Observations during the experimental runs indicate that pressure increases at the upstream reservoir 426 during the filling events. One recalls that prior to the knife gate valve closure, the reservoir head was steady.
427
Considering that the inflow rate into the reservoir was constant, the increase in reservoir head following the The following symbols are used in this paper. 
